Background and Purpose: Delayed deterioration of neurological function after central nervous system ischemia is a well-documented clinical problem. The purpose of our study was to elucidate the role of spinal cord blood flow and spinal cord-blood barrier integrity in the evolution of delayed neurological deterioration after transient spinal cord ischemia in rabbits.
O ur laboratory as well as others has studied a highly reproducible model of rabbit spinal cord ischemia as a model of progressing stroke (i.e., stroke-in-evolution) in humans.
-
2 Within 4 hours of reperfusing the ischemic spinal cord, 70% of the rabbits regained substantial motor function, which subsequently deteriorated to complete paralysis during the next 20 hours. 3 In the same model, the temporal pattern of edema correlated well with the changes in motor function. Although much progress has been made in understanding the pathophysiology of brain ischemia, questions remain as to the underlying cause of edema and its effect on delayed motor dysfunction.
It is well known that ischemia will increase vascular permeability. Ischemic damage to the blood-brain barrier (BBB) develops at different times, depending on the duration of the ischemic insult. 4 - 5 A biphasic opening of the BBB to proteins was observed at 15 minutes and 5 hours after 60 minutes of middle cerebral artery occlusion in the lightly anesthetized cat. 6 However, breakdown of the BBB was seen as early as 1 minute after 28 minutes of ischemia in a rat unilateral common carotid occlusion model. 7 In a unilateral carotid occlusion model in the Mongolian gerbil, 30 minutes of ischemia followed by reperfusion did not produce BBB damage until 20 hours later. 8 These studies suggest that vasogenic edema can considerably influence the dynamics of ischemic injury in the central nervous system (CNS). 6 - 9 Although the temporal aspects of BBB function after ischemia have been studied in several models, 6 -8 the relation of blood barrier integrity to CNS function has not been reported.
Deterioration of motor function after ischemia may also be the result of changes in blood flow. 4 However, the data on cerebral blood flow (CBF) changes after 368 Stroke Vol 23, No 3 March 1992 single-artery occlusion in the CNS are variable. 4 The variability may reflect the differences in methodology, animal species, age, and heterogeneity of CBF. 4 -6 For example, deterioration of function may be the result of delayed postischemic hypoperfusion. 7 Generally, CBF is decreased after reperfusion in regions showing histological changes; however, CBF and histology do not always correlate well. 8 Also, hyperemia has been found in humans during the 24-hour period after ischemic brain injury. 9 To further understand the potential pathophysiological mechanisms underlying deteriorating motor function after ischemia, the present study was designed to explore the potential role of spinal cord blood flow and spinal cord-blood barrier permeability changes during progressive motor dysfunction after transient spinal cord ischemia. In this model, transient ischemia to the lumbar spinal cord of rabbits is produced by occlusion of the lower abdominal aorta. 310 This model provides a unique opportunity to study motor function in the conscious state during ischemic and reperfusion periods.
Materials and Methods
The experiments described herein were conducted according to the principles set forth in the "Guide for the Care and Use of Laboratory Animals" from the Institute of Laboratory Animals, National Research Council publication no. NIH 85-17. Any procedure that could induce discomfort in the rabbits was performed under general anesthesia. New Zealand albino rabbits (Hazelton Laboratories, York, Pa.) weighing 2.0-2.5 kg were surgically prepared and subjected to an experimental spinal cord ischemic protocol as described elsewhere.
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Hindlimb motor function was graded at hourly intervals during the 24-hour reperfusion period as previously described. 3 Two investigators performed the evaluations independently. Water content in specific spinal cord regions was assessed by the wet/dry weight method. 12 Vascular permeability to proteins was assessed using Evans blue-albumin as a tracer. Evans blue (Sigma Chemical Co., St. Louis, Mo.) was dissolved in 1.5% bovine serum albumin (Sigma) in 0.9% NaCl to a final concentration of 2 g/100 ml. Thirty minutes before the rabbits were killed, 10 ml/kg of the Evans blue-albumin solution was infused intravenously within 5 minutes. The rabbits were then injected with sodium pentobarbital (100 mg/kg i.v.) and immediately perfused through the heart with 0.9% saline followed by 10% phosphatebuffered formalin (pH 7.4). The spinal cords were removed, frozen on dry ice, sealed in aluminum foil, and stored at -70°C. Within 3 weeks, spinal cords were sectioned (10 ^m) using a freezing microtome at -20°C and kept frozen and sealed in a light-tight container before measurement of dye fluorescence.
The histofluorescence of the Evans blue-albumin complex was quantified using a computerized photometry system (model USMP50, Carl Zeiss, Inc., New York). Histofluorescence in different groups of rabbits subjected to 25 minutes of ischemia followed by various periods of reperfusion was compared with that in shamoperated controls. An epifluorescence microscope was equipped with an HBO 100-W mercury vapor illuminator and filters (BP546, FT580, LP590, 50%ND, and RS) were used for optimal excitation and detection of emission of Evans blue fluorescence. 13 The instrument was calibrated using Evans blue-albumin standards. A linear relation (r=0.998) was observed between fluorescence and amounts of Evans blue between 20 and 620 \i%%. The photometer was calibrated for 100% intensity at 160 /xg% Evans blue because pilot studies never yielded amounts >120 ju,g%. Five anatomic sites were identified with transmitted light to minimize photobleaching and to keep the investigator unbiased. The histofluorescence of individual anatomic regions was then recorded at five sampling sites and the values averaged. Tissue was exposed to light for <2 seconds with shutters set to illuminate a 300-/xm-wide circular field at each site.
Spinal cord blood flow was measured by the carbon-14-labeled iodoantipyrine (IAP) autoradiographic method previously described, 14 with only minor modifications. In brief, PE-50 catheters were placed in the medial ear artery and vein to sample isotope concentration and infusion of [ Evans blue-albumin were compared with control animals by the Kruskal-Wallis analysis of variance followed by the Mann-Whitney U test. 15 Spinal cord blood flow, tissue water content, and the amount of tissue Evans blue-albumin in hopping (neurological score of 5, 4, or 3) and nonhopping rabbits (neurological score of 2,1, or 0) were compared by the Mann-Whitney U test. Values for the above statistics were considered significant at the/7<0.05 level.
Results The pattern of hindlimb motor function changes were similar to our previous studies during the 24-hour reperfusion period after spinal cord ischemia. 3 Maximal function returned in all rabbits at approximately 4 hours after reperfusion ( Figures 1A and IB) . The recovery phase was followed by secondary deterioration, as previously shown. n=8) and 2.4% in ventral white matter regions (71.0±1.2%, n=8) compared with the respective controls (76.3+0.7%, n = U, /><0.005; 68.6±0.5%, n = l l , p<0.01, respectively). Also, nonhopping rabbits (motor scores 0, 1, 2) had a 7.7% increase in tissue water content in ventral gray (84.3 ±1.4%, n=5) and a 4.9% increase in ventral white matter regions (73.2±1.0, «=5) compared with hopping rabbits (76.6±0.6%, « = 14,/?<0.001; 68.3±0.4%,n = 14,/7<0.002, respectively). Earlier studies reported that a 1% increase in tissue water content was equivalent to tissue swelling of 5.6% and 3.0% in gray and white matter, respectively. 1617 An increase in permeability to Evans blue-albumin was observed in ventral gray, intermediate gray, and dorsal gray (Figure 2) , and in ventral white and lateral white matter regions (Figure 3 ) 30 minutes after reperfusion. The extravasation of Evans blue-albumin at this time was localized to the perivascular space and adjacent tissue, which produced a patchy appearance in gray and white matter. At 4 hours of reperfusion, in the dorsal, ventral, and intermediate gray and lateral white regions, permeability to Evans blue-albumin was still elevated but clearly less than at 30 minutes. The permeability to Evans blue-albumin remained elevated in ventral white regions of the spinal cord (Figure 3) . At 8 hours of reperfusion, when seven of nine rabbits could still hop, the Evans blue-albumin in ventral gray matter was not statistically different from baseline, and Evans blue-albumin in dorsal gray matter was significantly lower than at 30 minutes.
During the 8-to 24-hour reperfusion period, permeability to Evans blue-albumin in all gray matter regions progressively increased (Figure 2 ) while motor function progressively decreased. By 24 hours of reperfusion, only three of 10 rabbits could hop, and the measurement of Evans blue-albumin permeability was at the highest level in all gray regions, and the white matter elevations of Evans blue-albumin were sustained (Figure 3) .
Control spinal cord blood flow values in the rabbit were within the range reported by others using the [ 14 C]IAP tracer method, 18 H 2 clearance, 19 or microspheres. 20 After 30 minutes of reperfusion following 25 minutes of spinal cord ischemia, spinal cord blood flow in all regions was not different from control levels. At 4 hours, spinal cord blood flow was reduced in the ventral and intermediate gray matter regions (40 ±5 and 40 ±4 ml/100 g/min, respectively; n=6, p<0.05) compared with the respective controls (59±5 and 56±5 ml/100 g/min) (Figure 4) . At 12 hours after reperfusion, spinal cord blood flow was elevated in the ventral and intermediate gray matter regions (146±30 and 95±23 ml/100 g/min, respectively; n=3, p<0.05) (Figure 4) . Spinal cord blood flow in the ventral white and intermediate white matter was also elevated (53 ±5 and 33 ±5 ml/100 g/min, respectively; n=3, p<0.05) ( Figure 5 ) compared with controls (22±3 and 23±3 ml/100 g/min; n=l). Hyperemia was still present 24 hours after reperfusion in ventral and intermediate gray (97 ±19 and 95 ±17 ml/100 g/min, respectively; n=5,p<0.05) (Figure 4 ) and ventral and intermediate white matter regions (35 ±3 and 37±5 ml/100 g/min, respectively; n=5, p<0.05) ( Figure  5 ). Blood flow in the lumbar ventral gray region for all animals in the study was increased in nonhopping (87±15, n = 13) compared with hopping rabbits (52±5, n=12, p<0.05). No significant changes in spinal cord blood flow were detected in cervical and thoracic spinal cord regions (Figures 4 and 5 ).
Discussion
Deteriorating stroke described in humans may affect 33% of all stroke victims. 1 In humans, the classification of "deteriorating stroke" is given to patients with an ischemic or hemorrhagic insult to the brain who, after the ictus, exhibit continued loss of neurological function. Deterioration of neurological function after stroke can occur over a 3-week period, with the greatest incidence occurring within 48 hours. 2 In the rabbit spinal cord ischemia model, a similar observation was reported during reperfusion in which motor function deteriorated throughout the first day after injury following an initial recovery period. 3 This observation was the basis for using this model to study the underlying mechanisms of motor deterioration after ischemia. The present model of deteriorating stroke has a distinct advantage in that an integrated CNS function rather than a biochemical or electrophysical correlate is monitored during the entire postischemic period. Also, anesthetic agents, which can affect the pathophysiology of CNS ischemia, are not used during ischemia or the subsequent functional assessment in this model.
One potential pathophysiological mechanism underlying deteriorating stroke, edema, has been frequently associated with neurological deterioration in humans. Edema in both gray and white matter correlated well with hindlimb motor function in the rabbit spinal cord ischemia model. 3 Edema was also significantly elevated in the more severely injured nonhopping compared with hopping animals. Although edema is a common consequence of ischemic injury, the mechanisms by which it develops during reperfusion are not clear. Two mechanisms of edema that are widely accepted include cytogenic edema, which involves cell volume regulating mechanisms, and vasogenic edema, which implies breakdown of the BBB. 9 Reperfusion with oxygenated blood after ischemia increases BBB damage, whereas permanent ischemia does not. 21 A unique feature of this phenomenon is demonstrated in our model by a biphasic opening of the blood-spinal cord barrier: the first opening was acute (30 minutes) after reperfusion and followed by a substantial recovery by 4 hours; the second opening, however, was a slow, progressive increase 8-24 hours after reperfusion. This finding was similar to observations made in cats in which the BBB was damaged 15 minutes after reperfusion of the ischemic brain. 6 The pattern of protein extravasation in gray matter and motor function deterioration progressed in a parallel fashion during the 8-to 24-hour reperfusion period. The major deterioration in motor function occurred during the 8-to 24-hour period, when permeability of the blood-spinal cord barrier to proteins was maximum. However, at 48 hours, blood-spinal cord barrier permeability was minimal, whereas motor function reached its nadir.
The permeability to Evans blue-albumin in white matter regions increased at 30 minutes and remained elevated during the entire reperfusion period. The actual Evans blue-albumin levels, however, were much lower compared with that in gray matter, and the levels did not reflect the changes in motor function. In earlier studies using this model, only minimal histological changes in white matter were observed. 3 - 22 In a freezing brain injury model it was demonstrated that edema was present in gray as well as white matter; however, further studies with low molecular weight tracers (e.g., sucrose) indicated that the barrier was intact in white matter, and the exudate spread from the lesioned area in gray matter. 23 This possibility is probably not valid in our model since the Evans blue-albumin in the white matter did not reflect the changes in blood spinal cord barrier permeability in gray matter. This finding suggests that the mechanisms responsible for the changes in barrier permeability in gray matter are probably different from those observed in white matter.
Lumbar spinal cord blood flow was moderately decreased 4 hours after reperfusion while hindlimb motor function was recovering. An opposite relation was seen at later (12-24-hour) time points at which lumbar spinal cord blood flow increased while hindlimb function was deteriorating. The calculated vascular resistance was decreased at 12 hours, suggesting that vasodilation contributed to the increased spinal cord blood flow. The blood flow changes that were observed within 4 hours of reperfusion were consistent with findings in a unilateral carotid occlusion model in gerbils. 24 It should be noted that microinhomogeneities in perfusion, which would not have been detected by this method, could exist during the period of functional deterioration.
Hyperemia in the acute stages of stroke is well established, but its clinical significance is unknown. 25 The consequences of hyperemia after ischemia can be either beneficial or harmful for recovery, depending on whether the hyperemia is within the ischemic or the peri-ischemic zones. Hyperemia in tissue adjacent to ischemic areas is commonly observed in experimental models of acute focal cerebral ischemia. 26 Histological changes were minor in these areas, indicating that the tissue is only marginally impaired. 26 The hyperemia we observed after reperfusion is unique in that it developed later and lasted longer compared with that observed in other models.
Hyperemia present in areas of damaged endothelium might exacerbate the development of vasogenic edema and the introduction of blood cells and plasma factors into the tissue, possibly causing further damage to neurons and glia. Secondary neurological deterioration has been attributed to acute cerebral edema after stroke 2 or mild head injury.
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- 28 Recently, it has been suggested that the delayed brain swelling and secondary deterioration after mild head injury may be the result of acute cerebral hyperemia. 29 In summary, we observed in this highly reproducible model of spinal cord ischemia that secondary deterioration of motor function was correlated with a progressive increase in blood-spinal cord barrier damage, which may in part be amplified by delayed progressive hyperemia. This later, novel phenomenon suggests a possible mechanism in which increased blood-spinal cord barrier permeability enhanced by hyperemia may play a role in the pathogenesis of deteriorating stroke. In addition to indicating a therapeutic opportunity for interventions in this late phenomenon, our study results also call attention to crucial late events in the microcirculation in addition to those emphasized for neuronal cytotoxicity.
